Biliproteins are present in almost all forms of life with many of them playing vital roles in photobiology. The bilin ligand of a recently characterised 500 kDa-biliprotein from an insect has been isolated and its structure elucidated employing chemical and spectroscopic techniques (UV-VIS, IR, MS, NMR, CD). This blue pigment, named CV-bilin, represents a unique highmolecular weight derivative of biliverdin IX with unusual 10E configuration and a molecular mass of 852 corresponding to C 48 H 60 N 4 O 10 . The high mass of this open-chain tetrapyrrole is due to the presence of an epoxi-dihydroxyethylfarnesyl substituent at C-18 and a hydroxymethyl substituent at C-13. This substitution pattern exactly reflects that of heme A of mitochondrial cytochrome c oxidases with a hydroxyethylfarnesyl chain and a formyl group at corresponding positions of the cyclic tetrapyrrole. Since no other natural product is known to show these structural features (heme O, the precursor of heme A, has a methyl group at C-13) this bilin is presumed to be derived from heme A by cleavage of the -methine bridge and oxidative modifications at C-13 and the hydroxyethylfarnesyl chain. Possibly, a bilin structurally related to this insect bilin is produced also in other organisms as a result of mitochondrial turnover or degradation. Since CV-bilin in complex with a specific protein is accumulated at the end of the larval life, stored in the pupa and finally transferred to the oocytes, a possible role of the free or protein-bound pigment in egg or embryonic development is discussed.
or bile pigments are known as degradation products of hemoglobin that are excreted. In higher plants, fungi, red algae and cyanobacteria, bilins act as sensors for light-controlled developmental processes and as light-harvesting accessory pigments in photosynthesis, where they are covalently bound to specific proteins as phytochromes and phycobiliproteins, respectively 1. These bilins are derived from the IX isomer of biliverdin by structural changes that define the spectral range of light absorption 2.
Bilins are also widespread among insects; their possible roles, however, are largely unknown apart from being pigments that contribute to body coloration, signalling, camouflage and similar vital functions 3. Insects produce either biliverdin IX or IX, depending on taxonomy, with the -isomer almost exclusively found in lepidoptera. These pigments are present as biliproteins in diverse tissues and may be produced in larvae as well as adults. In all examined insects, bilins are non-covalently associated with protein; the crystal structures of two lepidopteran biliproteins have been solved 4,5. The specific mode of association induces high chirality of the non-chiral bilin chromophores indicating enantioselectivity of binding of the cyclic helical conformation to the respective protein 4,6.
Recently a new type of high-molecular-weight biliprotein has been isolated from the moth Cerura vinula and was characterized biochemically and by molecular imaging 7. The apoprotein was identified as an arylphorin, representing a conserved hexameric protein family that is widespread among arthropods. In the present study, we have isolated the associated bilin, referred to here as CV-bilin, and solved its structure by employing chemical, biochemical and spectroscopic techniques, including multidimensional NMR. The bilin was shown to be unusual as: (i) it belongs to the IX series of biliverdin isomers, not IX that is typical for lepidoptera, and (ii) its structure is novel with a unique hydroxyethylfarnesyl substituent and a hydroxymethyl group. Type and positions of these substituents exactly reflect those of heme A, an essential redox-cofactor of mitochondrial cytochrome c oxidases 8. These features strongly suggest that CV-bilin originates from heme A by cleavage of the -methine bridge and oxidative modifications, mainly at the hydroxyethylfarnesyl chain. Based on structural similarity it is speculated that CV-bilin may play a juvenile-hormone like role in early development.
Results

UV-VIS and IR spectroscopy
Compared to classical biliverdin isomers the UV-VIS spectrum of CV-bilin displayed a bilatriene spectrum that was blue-shifted by 20-50 nm, depending on solvent (Table 1 ; Fig. 1-A1 ). Furthermore, its UV/VIS ratios are lower. These features may indicate a chromophore shorter by one conjugated double bond and/or an unusual geometry. The IR spectrum (Fig. 2) was characterized by strong peaks at 2956 cm -1 , 2927 cm -1 and 2857 cm -1 , assigned to C-H stretching, and a strong broad band at 3385 cm -1 , assigned to O-H stretching. Hence, CV-bilin seems to be hydroxylated and linked to an aliphatic chain, a feature not yet known for bilins.
Mass spectroscopy
High-resolution mass spectra of the free CV-bilin revealed a molecular mass of 852, (Fig. 3 ) . Losses of three molecules of water were observed, but no loss of the presumed aliphatic chain; hence its linkage by an ester bond was very unlikely. In accordance with this, CV-bilin was stable under conditions of saponification as shown by mass spectrometry and HPLC. Comparison of the molecular composition of CV-bilin with that of the biliverdin isomers (C 33 H 34 N 4 O 6 ) revealed a difference of C 15 H 26 O 4 , suggesting the presence of a sesquiterpenoid-based substituent and four additional oxygen atoms.
Due to the presence of several oxygen atoms, CV-bilin behaved more polar than the biliverdin isomers: on RP-HPLC its retention time was 12.3 min compared to 14.6 min for biliverdin IX, for example. This behavior of the free bilins was much more pronounced on silica gel TLC (data not shown).
Ester formation
The mass spectrum of the major methylation product of CV-bilin provided a molecular mass of respectively. Based on results presented below, this second product represented an artifact originating from oxidation of a hydroxyl to carboxylic acid followed by methylation to produce a trimethyl ester.
Acetylation
Acetylation of CV-bilin yielded at least four products less polar than the original compound on RP-HPLC (Fig. 4 ). Taken together, these derivatives of CV-bilin revealed, in accordance with results from mass spectrometry, the presence of three hydroxyl groups with different reactivity yielding a monoacetate and a diacetate that in addition become readily methylated, and that one of the hydroxyl groups is easily oxidized to the corresponding acid (see above),.
Degradation
Information of the tetrapyrrole skeleton was obtained by microchemical degradation of CV-bilin, both unlabeled and [ In addition to this known dialdehyde, a second dialdehyde, unique to CV-bilin dimethyl ester, was obtained, which was more polar (Rf values of 0.24 vs. 0.38). The two dialdehydes were formed in about equal quantities, as estimated from the intensity of staining and radioactivity (Fig. 5) , respectively. For comparison, chromate degradation of the -isomer of biliverdin dimethyl ester yielded methyl vinyl pyrrole dialdehyde as the sole product as expected.
Treatment of CV-bilin dimethyl ester with chromic acid yielded, in addition to methyl vinyl maleimide and hematinic acid methyl ester, a more polar product presumably arising from oxidation of the new pyrrol dialdehyde ester to the corresponding maleimide. Taken together, these studies revealed that CV-bilin possesses the structural skeleton of biliverdin IX with one of the inner rings substituted by a polar group, most likely a hydroxyl group, as suggested from the IR and mass spectra.
NMR spectroscopy
The full structure of CV-bilin was elucidated using multidimensional H ROESY spectrum (Figs. 6 and S1 -S5). These spectra allowed a full assignment of data for this substructure given in Table S1 . The nature of the unusual hydroxymethyl substituent at C-13 was evident from the integral in the In contrast H-10 only shows correlations to the side-chain at C-8, but not C-12, indicating the Econfiguration of the respective double bond.
The same set of spectra also established the structure of the side-chain attached to C-18 of the tetrapyrrole (Table S1 ). Long-range Thus in summary, the combined chemical and spectroscopic data are only compatible with the structure shown in Figure 7A , indicating that the molecule is assembled from modified farnesol and tetrapyrrole units. The structure suggests that the hydroxymethyl group of farnesol has been added to the vinyl group at C-18 of the tetrapyrrole thus creating an asymmetric center at C-1' of the hydroxyethylfarnesyl side-chain. The structure is in accordance with all features of CV-bilin described above: the shortened chromophore with 10E configuration, the presence of an aliphatic chain and of three hydroxyl groups, one of which is located on one of the inner pyrrole rings giving rise to the new polar pyrrole degradation products. (Fig. 7B) . Formation of this minor component was found to arise as an artifact through oxidation of the terminal hydroxyl group. As described above, the corresponding trimethyl ester, less polar than the dimethyl ester, has been identified by MS of the methylation products separated by RP-HPLC.
CD spectroscopy
Free CV-bilin displayed little optical activity. In methanol, the CD spectrum showed a weak negative band in the visible region at 625 nm and a weak positive band in the Soret region at 370 nm ( Fig. 1-A2 ). The CD spectrum in HCl/methanol was comparable (not shown). By contrast, the native protein complex of CV-bilin with its distinct VIS peak ( Fig. 1-B1 ), displayed high optical activity of opposite sign ( Fig. 1-B2 ) indicating that the chromophore was locked by the chiral peptide environment in an enantioselective way. Upon denaturation of the biliprotein with urea the CD spectrum changed to that of the free bilin (not shown).
Developmental aspects
CV-bilin, as a protein complex, is present in high concentration in the hemolymph of final instar larvae. Its concentration was found to increase from day 1 of this instar. The bilin was also In females, the oocytes contained intensely green coloured material suggesting the presence of large amounts of bilin; its identification by MS, however, was hampered by excess contaminating material. The presumed bilin is also present in deposited eggs.
Discussion
CV-bilin with a modified hydroxyethylfarnesyl substituent in particular and a hydroxymethyl substituent represents the most unusual linear tetrapyrrole isolated from nature to date. There are only two other molecules, cyclic tetrapyrroles, with a (unmodified) hydroxyethylfarnesyl substituent at the corresponding position as in CV-bilin: heme A and heme O, specific and essential cofactors of cytochrome c oxidases 9,10. These hemes are biosynthesized from heme B first by the transfer of a farnesyl group to the vinyl group at C-18 to give heme O followed by a two-step oxidation of the methyl group at C-13 to create a formyl group, which is unique to heme A (Fig. 8B) 8 .
Bilins, as open-chain tetrapyrroles, originate by oxidative cleavage of the heme ring, catalysed by heme oxygenases in an evolutionary conserved mode, at one of the four methine bridges thus giving rise to four possible bilin isomers 11. In animals, plants and microorganism, cleavage mostly occurs at the -bridge thus generating biliverdin IX. Since CV-bilin is an unusually modified bilin exactly reflecting the substitution pattern of heme A (Fig. 8) , it is very likely that Synthesis of CV-bilin and its carrier protein are assumed to be tightly coupled processes taking place in the larval fat body as the major source of metabolic products. In this tissue, synthesis of CV-bilin may be independent of the synthesis of mitochondrial cytochromes.
Five structural modifications are required to convert heme A to CV-bilin: (1) heme cleavage at the -bridge; (2) reduction of the formyl group to a hydroxymethyl group; (3) epoxidation at the C-8'/C-9' double bond of the hydroxyethylfarnesyl chain; (4) hydroxylation of one of the terminal methyl groups of the hydroxyethylfarnesyl chain resulting in the hydroxymethyl group at C-13', and (5) conversion of 10Z to 10E configuration. In general, heme cleavage results in a biliverdin isomer with all-syn-Z configuration as the most stable form. CV-bilin, however, is 10E, an unusual feature possibly forced by the presence of the bulky ethylfarnesyl substituent.
The sequence of these modifications leading from heme A to CV-bilin remains to be elucidated as well as the first product associating with the protein; possibly, some or even all steps take place in the biliprotein complex. Interestingly, the two oxidative modifications of the side-chain of CV-bilin are not unusual and well documented for farnesol as the precursor of insect juvenile hormones 13. While an epoxide at C-10/C-11 of farnesol (corresponding to C-12'/C-13' in CV-bilin) is a structural feature common to all juvenile hormones, a second epoxide is present at C-6/C-7 (corresponding to C-8'/C-9' in CV-bilin) in juvenile hormone bisepoxide from higher diptera 14, and at C-2/C-3 (corresponding to C-4'/C-5' in CV-bilin) in the juvenile hormone skipped bisepoxide isolated from a bug 15. Furthermore, hydroxylations of methyl groups of farnesol at C-4, C-8 and C-12 have been reported 16,17, and a cytochrome P450 dependent monohydroxylase from hormone-producing tissue has been shown to hydroxylate in vitro several sesquiterpenoids, including farnesol, at C-12 18; this corresponds to formation of the hydroxymethyl group at C-13' of the hydroxyethylfarnesyl substituent of CV-bilin.
Taken together, there is a close structural similarity between the modified farnesyl chain of CVbilin and juvenile hormones. There is one striking difference, however: in CV-bilin farnesol is (formally) added through its hydroxyl group at C-1 to the vinyl group of the tetrapyrrole, while in juvenile hormones this hydroxyl is oxidized and converted to the methyl ester, which (in addition to the epoxide) is relevant for hormonal activity. On the other hand, evidence has been accumulated that juvenile hormone acid may also act as a hormone exerting specific roles 19.
In CV-bilin, the free terminal allylic hydroxyl group at C-14' of the side-chain is easily oxidized to the carboxylic acid level, as we show here, thus creating similarity to juvenile hormone acid.
As discussed above, the position of the epoxide is not crucial for hormonal activity as it varies depending on insect species and/or suggested roles 13.
The farnesyl chain of CV-bilin is covalently linked via a C-C bond to the tetrapyrrole and hence very unlikely to become liberated to eventually act like a juvenile hormone. On the other hand, the farnesyl chain with its free terminus that may carry a carboxyl group (at C-13'), possibly in methylated form, and the proximal epoxide might be recognized as a juvenile hormone by a receptor protein in a way very recently shown for the binding of synthetic juvenile hormone analogues to the putative receptor, Methoprene-tolerant 20. While this is a purely speculative view it may stimulate ideas, however, to uncover any developmental role(s) of CV-bilin. The idea of a role in cellular regulation receives support from studies of Xenopus laevis suggesting that biliverdin IX, presumably in complex with a protein, exerts a critical function in embryonic development 21, and by the isolation of a bilirubin-albumin complex from rats and humans that stimulates cell growth and tissue regeneration 22. In any case, the high production of CV-bilin at the end of larval development requires massive allocation of metabolic resources and energy to heme synthesis, subsequent heme cleavage, several oxidation steps and association with a specific protein (which is also produced in high quantity) followed by uptake of the biliprotein from the hemolymph into the fat body in the pupa and finally the transfer into developing oocytes. This high investment strongly argues for an essential role of free CV-bilin or its protein complex in egg formation or embryonic development. Such a role may not be unique to C. vinula as this unusual bilin has recently also been identified in other phylogenetically related moth species (Kayser & Nimtz, unpublished data).
The addition of farnesol to the vinyl group creates a chiral centre at C-1' of the resulting hydroxyethylfarnesyl substituent. The absolute stereochemistry is unknown and may not be determined for free CV-bilin in solution as this chiral centre is susceptible to racemisation, as shown for heme A 9. In its natural complex with cytochrome c oxidase, however, the absolute configuration has been solved to be S by X-ray structure analysis 23. In analogy to heme A, the overall conformation of CV-bilin and the stereochemistry at C-1' are thought to be determined by interaction with the protein. The methyl ether formation, observed during acetylation, most probably takes place at the hydroxyl group at C-1' of the hydroxyethylfarnesyl substituent of CV-bilin, as it has been shown for heme A, its presumed precursor 9.
The basis for the weak CD spectrum displayed by the isolated CV-bilin and after denaturation of its protein complex is unknown. As the chromophore per se has no chiral centre it must be assumed that some structural features like the chirality at C-1' and the farnesyl side-chain act together to slightly shift the isoenergetic equilibrium of the M-and P conformations of the bilin in favour of the left-handed M enantiomer 24. Whether the low UV-VIS peak ratio of free CVbilin, compared to biliverdin IX, is due to its 10E geometry or to some extended conformation of the chromophore is also not clear (cf. 25). The weak optical activity of free bilin is in contrast to the native protein-bound CV-bilin, which displays high optical activity of opposite sign meaning a high preference of binding for the P enantiomer. The sharp VIS peak of the biliprotein may indicate a protonated and partially extended chromophore, which is presumed to be 10E due to the obvious high stability of this geometry. Sound answers to all these speculative views will only be possible once the crystal structure of CV-biliprotein has been solved. A comparable situation has been described for the bilin-binding protein of P. brassicae, whose Xray structure allowed for the first time the correlation of the CD sign with the helical conformation of the bilin ligand 4. Here, the right-handed P cyclic helical enantiomer of biliverdin IX is selectively locked and the VIS peak is rather broad, not sharp as in case of CVbiliprotein, indicating that the geometries of the two bilins are different in their protein complexes.
In conclusion, we have isolated and identified a novel bilin with a structure that strongly points to heme A as a presumed precursor. As heme A is a functional key component of mitochondrial cytochrome c oxidases their degradation is expected to produce a farnesylated bilin structurally related to CV-bilin in all cells performing mitochondrial respiration. Transformation of heme A into bilins like CV-bilin would then appear as a way of reuse of costly products that may even function in a different context. At present, however, nothing is known about the degradation of heme A (and heme O, its precursor) in biological systems 26.
Experimental Procedures
Chemicals
If not stated otherwise chemicals were purchased from Merck (Darmstadt, Germany) and SigmaAldrich (Steinheim, Germany) at highest available purity. Precoated silica gel plates were from Merck. [4- 
Bilin isolation
The blue biliprotein was purified from hemolymph of final instar larvae of the puss moth, C. vinula L. (Notodontidae), as described 7. The non-covalently bound bilin was liberated from the protein by the addition of two volumes of methanol. After storage at 5 o C and centrifugation (2000g for 10 min) the bilin was isolated from the supernatant using either solid-phase or liquidphase extraction, as follows. Method 1: water was added to dilute methanol to <25%, the bluish solution was passed over a Waters Sep-Pak C18 (36 mg) cartridge and, after washing with 0.5 mL of 25% methanol/water (v/v), the bilin was eluted with 100% methanol. Method 2: chloroform was added and, after mixing, water was added to obtain phase separation with the bilin retained in the aqueous phase. The chloroform phase, containing lipid, was discarded, and extraction with chloroform was repeated. A small amount of solid citric acid was added together with chloroform to transfer the bilin to the chloroform phase by vigorous shaking. The volumes of the bilin solutions in methanol and chloroform, respectively, were reduced by using a vacuum-centrifuge (Christ, model Alpha RVC) operated at 45 o C.
Chemical reactions
Microchemical degradation of bilins by chromic acid and chromate, respectively, on thin-layer plates was performed according to 27. Methyl esters were prepared with 5 % HCl in methanol (v/v), or with the BOP reagent 28,29. Acetylation was performed with acetic acid anhydride in pyridine (1:3; v/v). Saponification was done in 0.1 N NaOH in methanol for 3 h at 65 o C followed for 12 h at room temperature. All other operations were carried out at room temperature.
Preparation of biliverdin isomers
Biliverdin isomers were prepared as their dimethyl esters by coupled oxidation of hemin and separated by thin-layer chromatography (TLC) on silica gel 30. Their identity was confirmed by MS and oxidative degradation 27. Biliverdin IX was also isolated from the wings of the butterfly P. brassicae 31. Commercial biliverdin IX hydrochloride was used a reference.
Chromatography
For reverse-phase high performance liquid chromatography (RP-HPLC) of free and derivatised bilins, a Shimadzu gradient system was used consisting of two LC-6A pumps, a SPD-6AV UV-VIS spectrophotometric detector and a SCL-6A system controller. A Macherey-Nagel Nucleosil Supporting information Table S1 . NMR data of CV-bilin.
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